Introduction
Whether emotion is a source of moral judgments or follows them remains controversial (Huebner et al. 2009 ). From one perspective, emotion may act as an antecedent to moral judgment (Greene and Haidt 2002) , and negative emotion may alert the individual to the moral salience of a situation by bringing discomfort (Swedene 2005) . From another, moral judgments may exist even in the absence of an emotional response (Kohlberg 1984) . Or mature moral reasoning may rely both on emotion and on cognitive processes responsible for representing and integrating information about intentions, beliefs, and outcomes of action. For instance, a fully developed moral cognition may depend on negative emotion encouraging empathic sensitivity and concern for others, theory of mind providing for the representation of the mental states of others, and also on the ability to integrate information about mental states with information about the consequences and emotion in the context of moral judgment (Killen et al. 2011; Young 2011) . The current study was designed to explore the role of emotion and empathy in the development of moral cognition across age by combining functional magnetic resonance imaging (fMRI), eye-tracking, and behavioral evaluation of morally laden scenarios.
Traditionally, moral reasoning was considered a product of gradually developing cognitive processes and deliberations (Kohlberg 1984) . More recent research, however, provides evidence that conscious deliberative processes account for only part of the human moral compass. Studies of both adults and young children suggest that the mechanisms behind moral intuitions are sometimes unknown to the individuals who are experiencing those intuitions (Greene and Haidt 2002) and that even preverbal infants express what appear to be nascent moral evaluations (Hamlin et al. 2007 ). Behavioral studies provide evidence that within the first year of life, infants engage in rudimentary forms of social, and potentially moral, evaluation. For example, infants as young as 6 months of age preferentially interact with an agent who helped, rather than hindered, the actions of another agent (Hamlin et al. 2007) . Prosocial behaviors such as altruistic helping also emerge early in childhood. By 12 months of age, infants begin to comfort victims of distress, and 14-to 18-month-old infants exhibit spontaneous unrewarded instrumental helping behaviors (Zahn-Waxler and Radke-Yarrow 1990; Warneken and Tomasello 2009) . Threeyear-old children are selectively prosocial toward others as they selectively avoid helping those who cause or even intend to cause others harm (Vaish et al. 2010) . During the second year of life, children's empathic responses increase. Prosocial behavior increases over childhood in concert with growing self-other differentiation and social understanding (Svetlova et al. 2010 ). These natural early-emerging behaviors are thought to be motivated by sympathetic emotion or concern for the well-being of others.
Moreover, empirical evidence suggests that increased experiences of empathy encourage prosocial action and inhibit aggression and other antisocial behavior (Zahn-Waxler et al. 1992; Eisenberg 2000; Eisenberg and Eggum 2009) . The contextual cues that link moral emotions to social norms are certainly variable and shaped by culture. Nonetheless, there may be some commonalities across human societies in the role that empathy plays in the formation and cohesion of human groups in which people care for each other and in the observance of a moral code within society (Decety 2011b) . The relation between emotion, empathy, and morality is thus important and warrants further investigation.
The importance of empathy for the development of moral action is at the core of the violence inhibition mechanism developed by Blair (1995) . According to this model, most humans are predisposed to find the distress of conspecifics aversive, at least outside of competitive contexts. Humans, thus, are in effect punished by signals of others' sadness or fear and generally learn to avoid actions associated with that distress.
Consequently, individuals become less likely to engage in actions that give rise to others' distress and more likely to engage in actions that alleviate others' discomfort. In short, most humans consider the distress of another fellow human aversive, and this has consequences for their social actions (Blair RJR and Blair KS 2009; Decety 2010) . Moral action can be elicited by expressive cues that directly reflect the other's feelings or situational cues that convey the impact of external stimuli on the individual.
In the past decade, research in affective and cognitive neuroscience has begun to identify a network of brain regions involved in moral cognition (Young 2011) . This diverse literature can be divided into 3 domains: moral emotions, theory of mind, and abstract reasoning. The link between these different domains is becoming increasingly clear: Converging results from lesion (e.g., Bramham et al. 2009; Eslinger et al. 2009; Young et al. 2010) and functional neuroimaging studies (e.g., Greene et al. 2001; Moll et al. 2002 Moll et al. , 2007 Harenski and Hamann 2006; Shamay-Tsoory et al. 2006; Young and Saxe 2008) indicate the specific roles of the ventromedial prefrontal cortex (vmPFC), medial prefrontal cortex (mPFC), anterior cingulate cortex (ACC), insula, amygdala, and posterior superior temporal sulcus (pSTS) in moral cognition (Moll et al. 2005 for a review). Notably, an emotional learning system mediated by the amygdala and a system for decision making on the basis of reinforcement expectations mediated by the medial orbitofrontal cortex is crucial for cueing morally appropriate behavior and the acquisition of moral knowledge during childhood (Blair 2009; Blair RJR and Blair KS 2009 ). Moral reasoning is thus underpinned by specific neural circuitry, but these circuits are not unique to morality; rather, they involved regions and systems underlying specific states of feelings, cognitive and motivational processes. These circuits emerge and are interconnected over the course of development to produce adaptive social behavior .
Though understanding the ontogenetic trajectory by which neural circuitry is formed has clear implications for how we think about the end state of moral reasoning, as well as the nature of moral development, most past neuroscience research has been conducted only with adult participants. No study yet has tackled developmental changes in the neural circuits subserving the component processes mediating moral sensitivity. Studying subcomponents of more complex behaviors can be particularly useful from a developmental perspective, when it is the case that only some components of or precursors to more complex behaviors are observable. Developmental studies can provide unique opportunities to see how the components of the system interact in ways not possible in adults, where all the components are fully mature and operational (De Haan and Gunnar 2009) . A neurodevelopmental approach to morality is especially important as many brain regions that are germane to moral functioning appear to be under maturation until nearly young adulthood, while regions involved in affective arousal and somatovisceral resonance develop earlier (Gogtay et al. 2004) . The construction of the prefrontal cortex-a region that includes the dorsolateral prefrontal cortex (dlPFC), mPFC, and vmPFC-is particularly slow to develop (Paus 2011 for a review) and vital to moral cognition, perspective taking, and empathic concern (Damasio 1994; Moll et al. 2003; Decety 2003, 2004) .
To characterize the neurodevelopment of moral sensitivity, we collected behavioral evaluations, eye-tracking, and neurohemodynamic response to short animated scenarios from a large sample of individuals (n = 126) whose age ranged from 4 to 37 years ( Fig. 1A for examples) . The scenarios were categorized along a 2 3 2 factorial design to distinguish participants' responses to viewing people versus object being injured; these injuries occurred via either intentional versus unintentional actions. This latter factor of intentionality is particularly critical to explore because detecting intentionality is the decisive cue in determining whether an action was malicious or not (Cushman 2008; Young et al. 2010; Killen et al. 2011) . Further, a sense of agency (i.e., the awareness of both oneself and others as agents who are initiators of actions, desires, thoughts, and feelings) is important in relation to morality in determining that people can be held responsible for their actions (Kahn 1992; Blakemore and Decety 2001; Decety and Porges 2011) . This current design thus combines explicit evaluations of morally laden scenarios with implicit neurophysiological reactions (neurohemodynamic and affective arousal) and allows us to distinguish brain regions that process intentional versus accidental harm, in concert with corresponding behavior judgments. Given that the amygdala and insula come online earlier in ontogeny than other structures such as the dorsal and lateral vmPFC-which become progressively specialized for the evaluation of social stimuli and are slower to mature-we expect a differential involvement of these regions across age (Decety and Michalska 2010) . Such a pattern of functional changes will support the general notion that the development of affective processing from childhood to adulthood is accompanied by reduced activity within limbic affect processing systems and an increased involvement of other prefrontal systems (Killgore and Yurgelun-Todd 2007) that are crucial for moral reasoning and decision making. Given that toddlers differentially interpret intentional from accidental or nonpurposeful actions (e.g., Carpenter et al. 1998; Woodward 1999 ) and imitate even uncompleted intentional acts of others (Meltzoff 1995; Woodward and Sommerville 2000; Schilbach et al. 2008) , judgments of perceived intentionality should be consistent across age. Whether and how information about intentionality is used for judging the wrongness of an action may be age dependent (Zelazo et al. 1996) and influence recommendations of punishment. Determinations of punishment require a complex integration between the analysis of mental states of the perpetrator and the consequences of his actions. These decisions also involve the assignment of moral blame and should therefore be correlated with activity in the vmPFC (Blair 2009; Blair RJR and Blair KS 2009) . Furthermore, based on developmental research that has shown that children who lack false belief knowledge are more likely to attribute negative intentions to an accidental transgressor (Killen et al. 2011) , and that young children sometimes use information about the outcome of actions to make judgments about intentions (Yuill and Perner 1988; Leslie et al. 2006; Pettit and Knobe 2009) , we anticipate punishments to be less differentiated for intentional versus accidental actions in young children in comparison with older participants.
Articulating affective neuroscience and developmental science approaches provides a powerful way to elucidate the neural and computational mechanisms underpinning moral sensitivity and how the social brain develops (Decety 2010) . Such interdisciplinary research also has the potential to contribute to recent theoretical debates on the added value of moral neuroscience, an emerging area of research that has the potential to improve our understanding of human social and moral behavior (Killen and Smetana 2006; Narvaez 2008; Malti and Latzko 2010) .
Experimental Procedures
Participants One hundred and twenty-six individuals (62 female) were recruited from the local community of the University of Chicago campus and surroundings. Age ranged from 4 to 37 years. The age distribution of participants was as follows: age 4--7 years, mean age 5.73 ± 0.9 (N = 21, 13 female); age 8--12, mean age 10.37 ± 1.47 (N = 30, 11 female); age 13--17, mean age 14.67 ± 1.59 (N = 21, 9 female); age 18--37, mean age 23.74 ± 4.62 (N = 54, 29 females). Participants' written consent was obtained. For subjects under age 18, parents' written informed consent was obtained in addition to the minors' verbal assent. All participants were paid for their participation. The study was approved by the University of Chicago Institutional Review Board and conducted in accordance with the Declaration of Helsinki. Of the 126 participants, 102 completed MRI scanning with the following age distribution: N = 21 from age 4--7 (13 female), N = 30 from age 8--12 (11 female), N = 21 from age 13--17 (9 female), and N = 30 from age 18--26 (14 female).
Stimuli Preparation
A series of dynamic visual stimuli depicting moral and nonmoral transgressions was created and validated prior the study. Each dynamic stimulus consisted of 3 digital color pictures, which were edited to the same size (600 3 480 pixels) and presented in a successive manner to imply motion. The durations of the first, second, and third pictures in each animation were 1000, 200, and 1000 ms, respectively. The stimuli belonged to one of 4 categories in a 2 by 2 factorial design ([target (people being hurt/objects being broken; intention (intentional/accidental]) and portrayed the following (see Fig. 1 for examples): 1) A person is shown hurting another person intentionally (person intentional, PI); 2) A person is shown hurting another unintentionally (person unintentional, PU); 3) A person is shown breaking an object intentionally (object intentional, OI); and 4) A person is shown breaking an object unintentionally (object unintentional, OU). One additional baseline stimulus category depicted people in everyday social interactions without any infliction of pain or damage (actions; e.g., a person giving another individual a notebook). The clips showed situations of varying degrees of intensity, portrayed people of multiple races and ethnic groups, as well as various ages. Importantly, the faces of the protagonists were not visible and thus there was no emotional reaction visible to participants. One hundred and fifty dynamic visual stimuli (30 exemplars per Age-related decrease in the amygdala when the participants viewed scenarios depicting people intentionally being harmed versus people accidentally harmed. A significant negative linear association of age with signal change was observed in the amygdala (r 5 À0.39; t 97 5 À4.443; P \ 0.001). In addition to the linear effect, evidence of a quadratic or curvilinear effect for age was also observed (t 97 5 2.283; P 5 0.025), indicating that the negative relationship between age and PSC in this cluster of voxels was more extreme at younger ages but grew weaker as age increased.
stimulus category, plus 30 in the baseline condition) were created.
Stimuli were validated prior to the study on computerized visual analog scales for perceived intentionality and empathic concern by a group of 26 participants whose age ranged between 18 and 23 years (Hempel 2009 ). Eye-tracking and pupillary dilatation data were simultaneously recorded with a Tobii T120 system. Results showed that subjective ratings of empathic concern were higher when participants were watching the stimuli depicting people being hurt intentionally than when watching people whose pain was accidentally caused (P < 0.001). Participant's pupil dilations were analyzed using a 2 3 2 repeated-measures analyses of variance (ANOVA). A main effect of intentionality was found (F 1,25 = 30.46; P < 0.001), showing larger pupil dilation in response to clips depicting intentional actions. There was also a main effect of target identity (F 1,25 = 31.02; P < 0.001), showing that participants' pupils dilated significantly more if the target of an action depicted on a clip was a person than an object. Planned comparisons revealed that when the target in the clip was a person, participants showed larger pupil dilations when the pain was intentionally inflicted than when it was caused by accident (P < 0.01). A similar pattern was found when the target of the clip was an object such that participants had larger pupil dilation in the object intentionally damaged condition than the object unintentionally damaged condition (P < 0.01).
Training in a Mock Scanner
Prior to MRI scanning, participants were acclimated to the experimental procedures in a mock scanner. They were asked to lie in the mock scanner while a documentary movie was played. When participants felt comfortable, they were presented with 24 stimuli (6 per condition) depicting situations similar to, but not the same as, those they would watch in the actual scanning sessions. MRI noise was simulated through a recording played during the mock session.
MRI Scanning
Stimuli were presented with E-prime software (Psychology Software Tools, Inc., Pittsburgh, PA) and a back-projection system. A mixed blocked/event-related design paradigm was used with a total of 30 baseline blocks (duration 17.6 s each) during which a fixation cross was presented and 25 active blocks (duration 19.8 s each) during which stimuli from one of the 5 categories were presented. Stimuli were blocked by target (person/object) and intention (intentional/unintentional) was randomized within each block. The presentation order was counterbalanced across runs and across subjects. Each block consisted of 6 stimuli (2200 ms each) with a jittered interstimulus interval (1.69--5.93 s), during which a black fixation cross was presented against a gray background. Participants were shown the stimuli in 5 short sessions (5 active blocks per session, 4.5 min each) to maintain their attention. To avoid confounding motor-related activation in the ACC and pre-SMA/SMA, no overt response was required. Instead, participants were instructed to watch the stimuli carefully.
MRI was performed on a 3 T Philips Achieva Quasar scanner at the University of Chicago Brain Research Imaging Center. The fMRI pulse sequence parameters include time repetition/ time echo (TR/TE) 2200/26, flip angle = 80, contiguous slices with 4 mm thickness, no gap, 230 3 230 mm field of view (FOV), approximately 76 3 75 matrix. High resolution structural images were acquired in the sagittal plane using a T 1 -weighted 3D Turbo Field Echo (TFE/MP-RAGE) anatomical scan with the following parameters: TR = 7.4 ms, TE = 3.4 ms, FOV = 25 3 25 cm, 0.6 mm slice thickness, no gap, 228 3 228 mm matrix, 1.1 3 1.1 3 0.6 mm voxel size. During the anatomical and diffusion tensor imaging scans, participants watched a movie of their choice (from a selection of various popular documentaries about space, underwater adventures, birds, etc.).
Eye-Tracking Measures and Analysis
For the duration of the scanning, participants' eye gaze fixations and pupil dilation were recorded using ASL 6000 (Applied Science Laboratories, Beford, MA). Eye gaze was tracked at an update rate of 120 Hz. Fixations on the stimuli were measured as constant eye gaze that must be held within 1 degree of the visual angle for at least 100 ms. Data were analyzed using ASL Results v. 1.17.09. Data were successfully collected from 61 participants. Due to technical error, data were analyzed for 57 (22 adults, 29 females). Analysis was constrained to the third frame for 2 reasons: first, subjects cannot differentiate between conditions in the first frame and second, using the third frame ensured that any change in pupillometry could be attributed to emotional arousal instead of differing luminance between the animation and the previous fixation screen.
Moral Evaluations
After the scanning session, participants were presented with the same stimuli (in a randomized order) that they saw in the scanner on a computer desktop and asked to rate whether the action performed by the perpetrator in the video clip was intentional or not (language was adapted to participants' age; e.g., younger participants were asked ''was this on purpose?''). They were then asked to respond to a set of 5 questions probing moral judgment using a computer-based visual analogue scale (VAS) ranging from 0 to 100. The questions were designed to assess empathic concern for the victim, personal distress, understanding of the perpetrator's mental state, and moral evaluation, respectively. The following questions were asked: ''How sad are you for the person/object that was hurt?'' ''How upset do you feel about what happened?'' ''How mean was the person who did this?'' ''Was it wrong to do this?'' and ''How much would you punish the person who did this?'' A research assistant sat next to the younger children to assist them in these evaluations. One hundred and eight participants (60 female) answered questions related to empathy, personal distress, and mental state understanding.
Data Analysis
Based on exploratory factor analyses in a separate study (de Wied et al. 2007 ), 6 of the 20 items on the Bryant Empathy Index (1982) were selected for analysis because of their thematic similarity to a subgroup of items on the Interpersonal Reactivity Index (IRI) that measures empathic concern. The scores on these scales were compared to assess the subjects' empathic sadness, which evaluates a more emotional aspect of empathy, namely, responsiveness to another person's sadness.
Since the questions on the Kiddie Mach had been directly adapted from the Mach IV scale and modified for children's use, data from the 2 scales were transformed into z-scores in order to look at age-related changes on a continuous scale. All data were analyzed in SPSS.
fMRI data processing was carried out with SPM8 (Wellcome Department of Imaging Neuroscience, London, UK), implemented in MATLAB 7.0 (Mathworks Inc., Sherborn, MA). Preprocessing included correction for head motion, normalization to the echo-planar imaging (EPI) template provided in SPM8, and smoothing using a 6-mm full-width half-maximum isotropic Gaussian kernel. Images were realigned and normalized using standard SPM procedures. A mean T 1 image was created from all participants who completed scanning. Structural T 1 images were first coregistered to the mean EPI image for each participant. The coregistered T 1 images were then spatially normalized and an average of these normalized T 1 images of all the participants was created. All 102 subjects who completed scanning had less than 0.5 voxels of in-plane motion throughout the entire experiment. A 2-level approach for block-design fMRI data was adopted using SPM8. A voxelby-voxel multiple regression analysis of expected signal changes for each of the 5 block categories, which were constructed using the hemodynamic response function provided by SPM8, was applied to the preprocessed images for each subject. Individual subject data were analyzed using a fixed-effects model. Condition effects at the subject level were modeled by box-car regressors representing the occurrence of each of the 5 block types.
The resulting first-level contrast images were then entered into a 2 (Target: people vs. objects) 3 2 (Intention: intentional vs. unintentional) analysis of covariance (ANCOVA), with age in weeks as covariate. Results for the group analysis were thresholded at P < 0.005 corrected for multiple comparisons across the whole volume using the false discovery rate (FDR) approach (Genovese et al. 2002) , and only clusters of 10 or more contiguous voxels were reported. The choice of this threshold was determined based on previous studies on empathy for pain and on power considerations for the current paradigm (Jackson et al. 2005; Lamm, Batson, et al. 2007; Lamm, Nusbaum, et al. 2007; Lamm and Decety 2008; Lamm et al. 2010) . These included regions associated with theory of mind (pSTS/TPJ, mPFC) and moral sensitivity (vmPFC). Activations were overlaid on the average of the normalized T 1 images of all the participants. For sake of clarity, functional data are presented overlaid on a representative high-resolution structural T 1 -weighted image from a single subject from the SPM8 canonical image set, coregistered to Montreal Neurological Institute (MNI) space. Results were compared to confirm that the ensuing activations were indeed accurate.
In addition, specific regions of interest (ROIs) were computed for activity in the following 4 regions: amygdala, insula, vmPFC, and pSTS/TPJ Data extraction for the ROI analyses was performed using the rfxplot toolbox (Gla¨scher et al. 2009 ) implemented in SPM8. ROIs were defined as a 6-mm spherical region centered on the following MNI coordinates: right amygdala: x = 16, y = -4, z = -24, left amygdala: x = -20, y = -2, z = -24; insula x = 44, y = 20, z = -6; vmPFC x = 10, y = 28, z = -12; pSTS x = 52, y = -42, z = 28. These coordinates were determined on the basis of neuroanatomical atlases as well as 3 meta-analyses: one on 20 fMRI studies of pain empathy (Jackson et al. 2006) , another on 32 studies of empathy for pain (Lamm et al. 2011) , and also one on 70 fMRI studies of theory of mind, perspective taking, empathy, and attention reorientation . The individual mean percent signal change (PSC) values were then subject to ANOVA for repeated measures to test for main effects of target and intent as well as target-by-intent interactions at the group level. For statistical analyses of the ROI data, SPSS was used.
In order to examine nonlinear effects of age on the neurohemodynamic response, age and age 2 were included as predictors in the ROI-based analyses using linear regression. To improve interpretability, the age variable was initially centered at its mean (calculated as age-mean age) and age 2 was calculated as (age-mean age)
2 . The quadratic effect of age was assessed by the statistical significance of the age 2 term. To characterize this effect further, we examined the intercept and the slope of the curve at different ages, specifically at 1 standard deviation (SD) above and 1 SD below the mean.
For relatively young participants (1 SD below the mean), the intercept was found to be statistically different from zero (t 97 = 6.573; P < 0.001). Similarly, the slope was found to be negative and statistically different from zero (t 97 = -3.791; P < 0.001). For relatively old participants (1 SD above the mean), however, both the intercept and the slope were not statistically different from zero (t 97 <1). Taken together, data indicate that the PSC in the amygdala appears to follow a curvilinear function, such that the signal is highest at the youngest ages, decreases rapidly through childhood and early adolescence and asymptotes in late adolescence through adulthood.
In order to assess the relationship between behavioral data and brain activity, random effects correlation analyses were performed, and only clusters that survived FDR at P = 0.05 were considered). Scores on the Empathic Concern and Personal Distress subscales of the IRI for adults and the Empathic Sadness subscale of the Bryant Empathy Index for children, and the normalized values of the Machiavellian Scale were correlated with parameter estimates of the contrasts People > Objects; Intentional > Unintentional and People intentional > People Unintentional. Correlations with ratings of empathic concern, personal distress, understanding of the perpetrator's mental state and moral evaluation were computed within each of the selected ROIs. Average parameter estimates were computed across all voxels in that region for each condition, for each participant, individually. The correlation between the hemodynamic activity in those regions in response to viewing each of the experimental conditions was then computed with their associated subjective ratings. Evaluations of the morally laden stimuli were computed as difference scores (consisting of the following differences: People -Objects; Intentional -Accidental). Postscan ratings were not included in the generalized linear modal and were therefore not used to define the regions to ensure independence of the analyses (Vul et al. 2009 ).
Functional Connectivity
Psychophysiological interaction (PPI) analysis was used to estimate functional connectivity between a source (vmPFC) and target regions of interest (amygdala, pSTS), during the viewing of moral versus nonmoral actions involving people. PPI analysis assesses the hypothesis that activity in one brain region can be explained by an interaction between the presence of a cognitive process and activity in another part of the brain.
The selection of vmPFC as the PPI source region denoted activity within vmPFC as the physiological regressor in the PPI analysis. Intentionality condition (intentional vs. accidental harm to people, PI vs. PA) was the psychological regressor. A third regressor in the analysis represented the interaction between the first and second regressors.
The psychological variable used was a vector coding for the specific task (1 for PI, -1 for PA) convolved with the hemodynamic response function (HRF). The individual time series for the vmPFC was obtained by extracting the first principal component from all raw voxel time series in a sphere (3 mm radius) centered on the coordinates of the subjectspecific vmPFC activations. These time series were meancorrected and high-pass filtered to remove low-frequency signal drifts. The physiological factor was then multiplied with the psychological factor to constitute the interaction term. PPI analyses were then carried out for each subject involving the creation of a design matrix with the interaction term, the psychological factor, and the physiological factor as regressors. Subject-specific contrast images were then entered into random effects group analyses (thresholded at P < 0.001, uncorrected, k = 10). PPI analyses were conducted at each of the 4 age groups separately (4--7 years; 8--12 years; 12--17 years; and 18--25 years), in order to identify target brain regions that showed a significant increase in functional coupling with vmMPFC during moral relative to nonmoral harm at each successive age group.
Results
The goal of the study was to assess the contribution of emotion and mental state understanding to the neurodevelopment of moral cognition. Results and their interpretation are organized along the following dimensions: dispositional measures, attention and affective arousal, intention understanding, empathic responses, mental state understanding, and moral evaluation.
Dispositional Measures
IRI scores for empathic concern (M = 3.67, SD = 0.71) and personal distress (M = 2.53, SD = 0.67) did not change with age. No gender differences were found. Significant gender differences were found in the empathic sadness subscale of the Bryant empathy index, where boys' scores decreased with age while girls' scores increased (boys: r 26 = -0.44, P = 0.026; girls: r 27 = 0.36, P = 0.048). Linear regression analyses indicated that this measure predicted how upset the children were when viewing harm in all scenarios (P < 0.01). In adults, no significant associations were found between subscales of the IRI and any of the moral evaluations. As age increased, subjects' Mach scores rose significantly, r 77 = 0.261, P < 0.05 indicating that participants increasingly acquire knowledge about the ability to manipulate other's emotions. Linear regression analyses showed that participants' scores on the Mach scale predicted rating of wrongness for intentional harm done to people only (t 97 = -28, P < 0.05). There were no gender differences in Mach scores, P > 0.05. Interestingly, there were no significant correlations between dispositional assessments of empathy and physiological or hemodynamic measures (see Decety, 2011a for a critical appraisal of selfreport measures of empathy and neuroimaging research).
Attention and Affective Arousal
Eye-tracking data confirmed that all participants paid attention to the stimuli while being scanned. Eye gaze patterns differed significantly depending on the target of the action, with participants looking at the target of harmful situations (people and objects) significantly longer than at the agent for every condition, F 1,53 = 22.77, P < 0.001. When participants viewed people being harmed, there was no main effect of intentionality (r 56 = 0.057, P = NS) or any difference across age.
Pupil dilation showed a main effect of intention, across all ages, such that significantly greater dilation was observed in response to situations depicting intentional over accidental harm, regardless of the target (F 1,56 = 12.46, P < 0.001) after controlling for luminance of the different stimuli.
This effect was qualified by a 3-way target 3 intention 3 age interaction, F 1,55 = 7.63, P < 0.01. To decompose this interaction, separate ANCOVAs were conducted examining the effects of age and intention for each type of target (people and objects). These analyses revealed that there was a significant age 3 intention interaction for people only, F 1,55 = 12.67, P < 0.001, such that less pupil dilation was measured with increasing age for people being accidentally harmed. Interestingly, a statistically significant correlation was found for pupil dilation during the observation of intentionally caused pain to people and activity in the dorsal mid-cingulate cortex, amygdala, and pSTS/TPJ (Supplementary Table 1 ).
Intention Understanding
All participants, regardless of their age, correctly answered whether an action was intentional or not on 86.7% of the trials. Accuracy was highest for intentional conditions (93.1%) and lowest for unintentional conditions (80.3%). No significant effects of age were found.
A main effect of perceived intentionality, irrespective of the target of the action (PI + OI vs. PU + OU), was associated with significant hemodynamic signal increase in the amygdala (see Fig. 1B,C) , temporal pole, periaqueductal gray (PAG), vmPFC, insula, middle frontal gyrus, right pSTS/TPJ, and intraparietal sulcus in both hemispheres (see Supplementary Table 2 ). ANCOVA indicated a significant interaction between intention and target in the amygdala, insula, vmPFC, and pSTS. Planned comparisons revealed a significant effect of intentionality for the people only trials (PI--PU) indicating a higher hemodynamic response in each of these regions when viewing people being intentionally versus accidentally hurt (see Supplementary Table 3) .
Age-related changes were observed in a subset of these regions: the younger the participants, the higher the activity in the PAG, temporal poles, amygdala (see Fig. 2c ), and right insula. For relatively young participants (1 SD below the mean), the intercept for the amygdala response was found to be statistically different from zero (t 97 = 6.573; P < 0.001). Similarly, the slope was found to be negative and statistically different from zero (t 97 = -3.791; P < 0.001). For relatively old participants (1 SD above the mean), however, both the intercept and the slope were not statistically different from zero (t 97 < 1). The older the participants, the higher the activity in the vmPFC (-10, 46, -14) when they viewed intentional versus accidental harm done to people (Fig. 2) .
As expected, and based on previous developmental research (Meltzoff 1995; Woodward 1998 Woodward , 1999 Woodward and Sommerville 2000) , these results demonstrate that perception of intentionality does not vary with age (at least in the range tested here), and as predicted in our hypothesis, the neural response to morally laden scenario in the insula and amygdala in young children is not due to demands of processing of intentional information itself but rather is likely indicative of response to the moral content.
Empathic Responses
The ANOVA revealed a main effect both of intentionality and of target for participant's empathic responses. All participants reported feeling more sad and more upset when watching intentional harm, as opposed to accidental harm (sad: F 1,100 = 187.45, P < 0.001); upset: (F 1,100 = 300.59, P < 0.001). They similarly reported being more sad and more upset when seeing a person being hurt than when seeing an object being damaged (sad: F 1,100 = 185.41, P < 0.001; upset F 1,100 = 117.70, P < 0.001). For empathic sadness ratings, there was no interaction with age for either intentionality or target. Ratings of empathic sadness for the victim correlated with activity in the left insula, thalamus, and subgenual prefrontal cortex (Supplementary Table 4 ). The main effect of intention on ratings of personal distress (i.e., ''how upset do you feel?'') was qualified by a significant age 3 intention interaction (F 1,100 = 6.87, P < 0.01). This interaction was driven by the fact that with increasing age, subjects reported feeling less upset when viewing objects being damaged (r 101 = -0.32, P < 0.001). Reports of being upset when viewing harm to people did not change with age (r 101 = -0.12, P = NS), however. The more upset the participants were the stronger the neural response in the right amygdala and medial orbitofrontal cortex (OFC) when seeing people being harmed as compared with objects being damaged (see Supplementary Table 4) .
Mental State Understanding and Moral Evaluations
Across all ages, participants reported intentional harm as significantly more wrong than accidental harm, regardless of target (F 1,85 = 392.51, P < 0.001). They also rated harm done to people as significantly more wrong than damage done to objects regardless of intent (F 1,85 = 198.53, P < 0.001). Critically, judgments about how wrong an action was did not differ significantly by age (F 1,83 = 1.41, P = NS for target 3 intention 3 age interaction). Linear regression analyses indicate that ratings of wrongness of an action predicted ratings of deserved punishment for all scenarios (P < 0.001). The more an action was evaluated as wrong, the stronger the activity in the right insula, temporal poles, inferior frontal gyrus, and ACC (see Supplementary Table 4) .
There was a main effect of both intentionality and target for ratings of the perpetrator's mental state. Participants rated agents as more mean if they intentionally harmed a person or damaged an object rather than accidentally doing so (F 1,100 = 578.76, P < 0.001) and if they harmed a person rather than an object (F 1,100 = 257.66, P < 0.001). While the 2-way interaction of intentionality 3 target was not significant (P = 0.06), the ANCOVA revealed a significant target 3 intention 3 age interaction (F 1,100 = 8.845, P < 0.005. With age, agents were rated as even more mean if they had harmed a person intentionally than if they had harmed a person accidentally (r 93 = 0.259, P < 0.01). Also, the difference between intentionally and accidentally harming objects decreased with age (r 93 = 0.346, P < 0.001). Linear regression analyses indicate that ratings of meanness of an agent predicted ratings of wrongness for all scenarios (P < 0.001). Ratings of meanness correlated with increased activity in the dorsolateral PFC and vmPFC.
Across all ages, participants reported that they would punish agents of intentional harm more than agents of accidental harm (F 1,86 = 379.17, P < 0.001) and would punish individuals who harmed people more than those who damaged objects (F 1,86 = 102.79, P < 0.001). In contrast to wrongness ratings, there was a significant target 3 intention 3 age interaction (F 1,86 = 6.09, P < 0.01), which was driven by the fact that with increasing age, participants were less willing to punish agents who intentionally damaged objects than those who intentionally harmed people (P < 0.01, see Fig. 2 ). The more participants would punish someone for an action, the greater the activity in the orbitofrontal cortex and right hippocampus (see Supplementary Table 4 ).
Functional connectivity analysis showed a significant interaction between intentionality (PI > PA) and vmPFC activation, expressed in the PAG in the youngest age group (aged 4 to 7). In early childhood, the PAG showed greater functional connectivity with vmPFC during moral than nonmoral actions. Within the middle childhood group (aged 8 to 12), PPI analysis revealed a significant interaction between intentionality (PI > PA) and vmPFC activation, expressed in left pSTS, left amygdala, left inferior temporal gyrus and left fusiform gyrus. Within the adolescent group (aged 13 to 17), PPI analysis revealed a significant interaction between intentionality (PI > PA) and vmPFC activation, expressed in bilateral amygdala and mid-cingulate cortex (aMCC). Within the adult group (aged 18 to 25), PPI analysis revealed a significant interaction between intentionality (PI > PA) and vmMPFC activation, expressed in the amygdala bilaterally, in right pSTS/TPJ, and superior parietal lobule. Comparison across the three groups showed a significant difference (P < 0.05) between the early childhood group and the adult group in the connectivity between the vmPFC and amygdala reflecting increased functional integration between these 2 regions in adults. 
Discussion
It is commonly agreed that moral reasoning necessitates attention, emotion, and cognition. However, the respective contribution of these processes and their causal structure remains unclear (Huebner et al. 2009 ). This study adopted a neurodevelopmental approach to elucidate the computational mechanisms that underlie moral sensitivity and reasoning by combining implicit physiological measures of attention, arousal, and neural activity with explicit evaluations of morally laden scenarios. This is the first study to examine brain and behavior relationships in response to moral and nonmoral situations from a developmental perspective. Such a perspective is particularly valuable because it provides unique opportunities to chart out how the various components interact across age in ways that are not possible in a purely adult sample (as it is often the case in neuroimaging research), where all the components are mature and operational. A schematic representation of the neural components involved in moral sensitivity and patterns of age-related changes in these regions is illustrated in Supplementary Figure 1 .
Attention and Affective Arousal
Measures of attention allocation and emotional arousal recorded simultaneously with fMRI scanning, using eyetracking, indicate 2 important findings. First, all participants across age attended equally to the scenarios and to the actions depicted in them. They paid significantly more attention (looking time) to people being harmed and objects being damaged than to the agents responsible for these actions. This suggests that action analysis was consistent across both age and target conditions and that more time was spent looking at the ''victim'' of harmful actions. Second, pupil dilation was significantly greater for intentional actions than accidental actions, and this difference was constant across age. Pupillary movements are determined by the state of the iridic musculature under the direct control of both the sympathetic and parasympathetic branches of the autonomic nervous system. Thus, pupillometry provides a reliable index of autonomic arousal. Increase in pupil size in our study was associated with a specific enhancement in hemodynamic activity in the right amygdala, pSTS, and anterior aMCC, a region that plays a key role in a general salience system concerned with bodily monitoring, emotional arousal, response selection, and skeletomotor body orientation. The aMCC has also been activated during anxiety in response to aversive conditional stimuli, pain anticipation and pain imagination (e.g., Porro et al. 2003; Jackson et al. 2006; Lamm, Batson, et al. 2007) , and it appears that noxious activation in aMCC is associated with fear and anxiety that are critical to avoidance behaviors (Vogt et al. 2003) . In general, activity in this region, functionally connected with brainstem nuclei and PAG (Kong et al. 2010) , correlates and predicts cardiovascular and electrodermal arousal evoked by a range of emotional and motivational tasks (Critchley et al. 2002) . Overall, eye-tracking data demonstrate that all participants, irrespective of their age, attended equally to the stimuli in each category and that intentional actions evoked higher affective arousal. These findings are of particular importance since no explicit task was required of the observers in the scanner, and yet these implicit measures provide assurance that the scenarios were well attended to and discriminated based on the intention of the agent. Consequently, age-related differences in hemodynamic and behavioral measures are unlikely due to differences in attention or affective arousal.
Perception of Intention
We hypothesized that while people's intentions are readily perceived at very young ages (Woodward 1999) , age-related differences would be observed in regions coding for affective saliency and emotion processing when participants attend to morally laden scenarios. This was indeed the case. Postscan evaluations showed that all participants, irrespective of their age, correctly differentiated intentional actions from accidental actions. At the group level, perceiving intentional harm to people versus accidental harm was associated with increase activation in regions sensitive to the perception, prediction, and interpretation of others' actions and intentions such as the right pSTS/TPJ (Blakemore et al. 2003; Pelphrey and Carter 2008) , as well as regions processing the affective consequences of these actions, namely the temporal poles, the insula, vmPFC, and amygdala. Of singular importance, the activity in the amygdala showed, at the group level, a distinct pattern such that the evoked response was stronger when participants viewed intentional actions harming people than for accidental harm to people (Fig. 1B) . The former situation is certainly more arousing as confirmed by the pupillary data, and this is coherent with a general role of the amygdala in processing relevant and salient stimuli (Norris et al. 2004) . Furthermore, the more participants reported being upset about people being harmed versus objects being damaged, the higher the activity in the amygdala. Interestingly, while participants' behavioral ratings of being upset while watching people being harmed did not change with age, a significant hemodynamic decrease was detected in the amygdala, temporal poles, insula, and PAG (regions involved in emotion processing). Regression analyses indicate that the signal change in the amygdala appears to follow a curvilinear function, such that the signal is highest at the youngest ages, decreases rapidly through childhood and early adolescence and asymptotes in late adolescence through adulthood. The age-dependent signal change in the amygdala and correlation with ratings of empathic distress supports the role of this region in the normal development of empathic understanding (Decety and Michalska 2010) . It has been suggested that the amygdala factors essentially into the development of social behavior, specifically in the generation of emotion to a social stimulus that, depending on the context, may either inhibit or facilitate social interaction (Bauman et al. 2011) . Importantly, lesion studies in humans have shown that individuals with early damage to the amygdala are impaired relative to all other groups on more advanced tests of theory of mind reasoning (Stone et al. 2003; Shaw et al. 2004) . In contrast, patients who sustained damage to the amygdala in adulthood are not impaired in mental state reasoning relative to both clinical and healthy controls. This developmental neuropsychological research, in conjunction with the results presented here, provides evidence that ostensibly similar signatures of behavior may be subserved by distinct neural pathways in young children and adults.
The neurohemodynamic signal in older participants increased in the dlPFC and mPFC in the comparison between intentional versus accidental actions (Fig. 2) . These regions are associated with meta-cognitive representations that enable us to reflect on the values linked to outcomes and actions (Amodio and Frith 2006) . In addition, the ratings of sadness for the victim, which were strongest in young children, decreased gradually with age and correlated with activity in the insula and subgenual prefrontal cortex. This latter area has extensive connections with circuits implicated in emotional behavior and autonomic/neuroendocrine response to stressors, including the amygdala, lateral hypothalamus, and brainstem serotonergic, noradrenergic, and dopaminergic nuclei (Drevets et al. 1997) . Its lesion is associated with abnormal autonomic responses to emotional experiences, inability to experience emotion related to concepts that ordinarily evoke emotion, and impaired comprehension of the adverse consequences of pernicious social behaviors (Bechara et al. 1996) . In addition, patterns of functional connectivity during the perception of morally laden scenarios (intentional harm) relative to accidental harm provide complementary evidence for increased integration between prefrontal cortex and amygdala. Changes in functional integration between vmPFC and amygdala were observed, such that the older participants showed significant coactivation in these regions during the PI relative to PA condition, whereas the youngest children only exhibited a significant covariation between the vmPFC and PAG. Furthermore, adult participants showed the strongest connectivity between vmPFC and pSTS/TPJ while viewing moral relative to nonmoral actions than the younger participants, suggestive of developmental changes in functional integration within the mentalizing system.
In addition, the fact that morally laden stimuli evoked stronger empathic sadness in younger participants combined with an enhanced response in neural networks coding affective saliency provides strong support to the notion that emotion plays a critical role in guiding the development trajectory of our moral capacities (Zahn-Waxler and Radke-Yarrow 1990; Blair 1997; Anderson et al. 1999; Decety et al. 2008; Decety et al. 2011 ).
Moral Evaluations
Nonetheless, determining whether an action is moral or not does not rely only on affective sensitivity. Determinations of moral relevance also require the capacity to integrate a representation of the mental states of others together with the consequences of their actions (Leslie et al. 2006; Young et al. 2007; Killen et al. 2011) . Moral judgments stem from a complex interaction between the assessment of causal responsibility for harm and an assessment of an intent to harm (Cushman 2008) . Interestingly, judgments of wrongness did not change across age; all participants rated intentional harm as more wrong than accidental harm. While this finding accords with evidence suggesting that children use intentionality to determine moral relevance from an early age in development (Smetana and Killen 2008) , it contrasts with studies showing that judgments of wrongness are considerably influenced by perceived intentionality in an age-dependent manner (e.g., Yuill and Perner 1988; Zelazo et al. 1996) . This discrepancy is likely due to the fact that our youngest participants were around 5 years old, and older than in previous studies. Furthermore, when participants were asked about the malevolence of the agent (which taps into mental state understanding), their behavioral evaluations indicated a more differentiated appraisal with age. Whereas young children considered all agents malicious, irrespective of intention and targets (i.e., people and objects), older participants perceived the perpetrator as clearly less mean when carrying out an accidental action, and even more so when the target was an object. Ratings of deserved punishment changed similarly with age (Fig. 3) . As age increased, participants punished an agent who damaged an object less severely than an agent who harmed a person. Though even young children attend to both intentionality and target in guiding their own empathic responses and judgment of wrongness, an increased discrimination of intentionality and target in determining moral culpability with age is seemingly consistent with the developmental shift in moral judgment dominated by a focus on outcomes to the integration of both intent to harm and consequences (Cushman 2008; Killen et al. 2011) . It should further be noted that the importance of objects to children and adults may differ: the objects we used here were everyday objects. It seems possible that damaging objects with a particularly important history or value might be seen as immoral among adults.
Finally, an age-related hemodynamic increase was found in the vmPFC in response to scenarios depicting intentional harm versus accidental harm to people (Fig. 2) . This result is consistent with lesion studies that documented a specific impairment of judgment of intent in patients with bilateral damage of this region (Anderson et al. 1999; Bramham et al. 2009; Young et al. 2010 ). In addition, ratings of meanness correlated with increased activity in the dlPFC, and ratings of punishments with activity on the OFC. Together, both implicit brain measures and explicit moral evaluations converge on this developmental transition. Figure 3 . Across all ages, participants will punish people more for an intentionally versus accidentally harmful action, regardless of whether the target is a person or an object (P \ 0.001). They will punish people more if they harm a person than if they damage an object, regardless of the intention of the action (P \ 0.01). The graph shows age-related change in ratings of deserved punishment. With age, participants' severity of punishment decreases significantly more for intentional damage done to objects than intentional harm done to people (P \ 0.01).
Conclusion
Our study provides strong evidence that moral reasoning involves a complex integration between emotion and cognition that gradually changes with age, which can be viewed in dynamic transaction across the course of ontogenesis (see Textbox 1 for a summary of major findings).
Neurodevelopmental changes are clearly seen in structures that are implicated in emotion saliency (amygdala and insula), with a gradual decrease with age. Conversely, activity in regions of the medial and ventral prefrontal cortex that are reciprocally connected with the amygdala and that are involved in decision making and evaluation increases with age and these regions become more functionally coupled. Overall, these results highlight the importance of affect in the development of morality (Blair 1997; Greene and Haidt 2002; Narvaez 2008; Warneken and Tomasello 2009; Malti and Latzko 2010; Decety et al. 2011) , which has consequences for theories of moral cognition. They are also consistent with the view that morality is instantiated by functionally integrating several distributed areas/networks. While neuroimaging studies alone are insufficient to determine what computations are involved in moral reasoning, combining fMRI data, physiological recordings of the autonomic nervous system with explicit evaluations of mental states, moral sensitivity, and empathy in a developmental perspective provides a more complete account of the component processes that mediate moral reasoning, from which we hope that future research will build. Finally, our study indicates that neurodevelopmental approaches provide added value to developmental psychology, even in places in which behavioral responses are remarkably similar across age.
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Text box 1: A summary of the major findings.
Greater looking time (eye-tracking) at the victim of harmful actions than the perpetrator and increased pupil size for situations depicting intentional harm. Pupil size correlated with activation in pSTS and amygdala. No age-related changes in looking time or pupil size. Perception of intentional harm associated with increase signal in the amygdala, PAG, insula, vmPFC, and right pSTS/TPJ. The younger the participants the higher the activity in amygdala, PAG and insula when they viewed intentional harm versus accidental harm, whereas the older the participants the higher the activity in the vmPFC. Increased functional connectivity with age between the vmPFC and the amygdala when participants viewed scenarios depicting intentional harm. Ratings of empathic sadness for the victim of intentional harm correlated with the neurohemodynamic activity in the insula, thalamus, and subgenual prefrontal cortex. Judgments of wrongness did not change across age; all participants rated intentional harm as more wrong than accidental harm. Whereas young children considered all agents malicious, irrespective of intention and targets (people and objects), older participants viewed perpetrators as clearly less mean when carrying out accidental actions, particularly when the target was an object. With increasing age, participants were less willing to punish agents who intentionally damaged objects than those who intentionally harmed people. The more participantspunished someone for an action, the greater the activity in the orbitofrontal cortex and right hippocampus.
